Lanthanum-based perovskite-type oxides represented by LaBO 3 (B ¼ Co, Fe, Mn) have been thought to present strong limitations for practical application although they are active for catalytic removal of NO.
Introduction
The major pollutants discharged from vehicle engines to the environment are particulate matter (PM), carbon dioxide, hydrocarbons and nitrogen oxides (NO x ). Among these contaminants, NO x is paid increasing attention, owing to the fact that it is not only harmful to human health but also responsible for acid rain and photochemical smog. [1] [2] [3] The main component of NO x that we refer to is NO which is generated from nitrogen and oxygen at an appropriate temperature. 4 In the past 40 years, great efforts have been carried out for minimizing NO emission.
From the thermodynamic view, the process (NO ¼ 1/2N 2 + 1/ 2O 2 ; DG 0 f ¼ À86 kJ mol À1 ) 5 is favored, but it is kinetically hindered because of its high activation energy (364 kJ mol À1 ). 6 To solve the afore-mentioned problem, a good deal of catalytic methods and catalysts have been studied. Currently, NO removal methods that we have learned can be roughly classied as two major technologies: NO decomposition and NO reduction. The former can be regarded as a "green" process since no additional toxic reactant, such as ammonia, is required and the NO x gases are decomposed into N 2 and O 2 as harmless components. Oppositely, the latter (e.g. NO x storage and reduction (NSR), selective catalytic reduction (SCR), etc.) usually requires the addition of a supplemental reductant which causes further problems, such as higher equipment cost and secondary pollution. At present, three principal types of catalysts active for NO removal are zeolites, 7-9 noble metals 10, 11 and composite mixed oxides. [12] [13] [14] [15] [16] However, the rst, zeolites, are subject to hydrothermal deactivation and are only active at high temperature while the second, noble metals, are costly and easily agglomerated during the reaction. In contrast to the above two catalysts, composite mixed oxides, especially perovskite-type catalyst with the general formula of ABO 3 , have considered as a group of promising catalysts for NO removal as they are lower price, mixed valence states of the transition metals and higher stability.
17-19
Lanthanum-based perovskites (LaBO 3 ), some of which exhibit excellent performance for NO removal, [20] [21] [22] have been extensively investigated. As far as we know, unmodied LaBO 3 perovskites present strong limitations (e.g. comparatively small surface area and low catalytic activity at low temperatures) 21, 22 and therefore reliable technologies need to be developed. Among these technologies tackling aforementioned problems, we nd that doping Ce into perovskite (e.g. La 0.6 Ce 0.4 CoO 3 ) or CeO 2 as a "support" (e.g. LaCoO 3 /CeO 2 ) are effective. In addition, it have been reported that the solubility of Ce in LaBO 3 perovskites is low and CeO 2 appears in the mixed-oxides when Ce addition exceeds its solubility limit (S). The valence alternation ability of Ce 3+ /Ce 4+ makes CeO 2 a good oxygen reservoir which stores and releases oxygen under oxidizing and reducing conditions, respectively. 23, 24 In this review, CeO 2 is focused because of its signicant role in improving catalytic activity of LaBO 3 perovskites catalysts. The roles played CeO 2 by will be introduced by the following two topics: (i) CeO 2 as separated phase (ii) CeO 2 as the support.
Description of lanthanum-based perovskite-type catalysts
The perovskite-type oxides mentioned here adopt LaBO 3 structure ( Fig. 1) , in which B-sites are occupied by small transition metals such as Fe, Mn. [25] [26] [27] For the resulting compounds, each La cation is surrounded by 12 oxygen anions whereas each B cation is surrounded by 6 oxygen anions. 28 In the ideal unit cell where the atoms are packed closely, La-O distance is equal to a/ O2 (a is the cubic unit cell parameter) while B-O distance is a/2. Besides, La, B and O ions should satisfy the requirement that the value of tolerance factor (t) [28] [29] [30] is equal to 1. The parameter is dened by the expression t ¼ (r La + r B )/{O2(r B + r O )}, where r La , r B and r O correspond to the crystal radii for cations La and B and the anion O, respectively. However, the perovskite structure is also found for lower values of t in the range 0.75 to 1.
28,30 The simple perovskite structure could be partially replaced by foreign ions with appropriate size difference, preserving matrix perovskite structure. In such cases, the cubical structure can be distorted into tetragonal, rhombohedral, or other lower symmetries. 29, 30 Besides the ionic radii requirement, electroneutrality is another condition. (eqn (2)).
However, as prepared LaCoO 3 calcined at $900 C is typically slightly reductively non-stoichiometric. 38 Therefore, the third reaction that Ce is doped into the LaCoO 3 lattice containing oxygen lattice vacancies was considered. This means that those oxygen vacancies were relled.
These defects caused by Ce doping lead to the fact that perovskite-type oxides show promising structural, surface and catalytic properties for catalyst application. In addition, supported lanthanum-based perovskite-type catalysts, e.g. LaBO 3 / CeO 2 , were also extensively studied. For high Ce content (which exceed their solubility limit in perovskite structure), CeO 2 are formed and segregated from perovskite oxides. The extra phase, CeO 2 , is either highly dispersed on the surface of La lÀx Ce x BO 3 for comparatively low Ce content or found as larger particles for higher Ce content. The presence of CeO 2 result in appearance of Ce vacancy sites or migration of (excess) B ions outside the perovskite lattice to yield B y O x or both. 41 In this case, CeO 2 are believed to play a key role in enhancement of catalytic performance.
CeO 2 as separated phase

Ce doped LaCoO 3
The inuence of Ce substitution on structural characteristics has been discussed in previous literatures. [42] [43] [44] [45] [46] [47] [48] Based on the Xray diffraction (XRD) results, Fig. 2 , no peaks of CeO 2 are detected when Ce addition was below 0.05, indicating that the doped Ce atoms might have embodied into the LaCoO 3 lattice to form a solid solution. For x ¼ 0 and 0.05, the structures were the rhombohedral LaCoO 3 -type (JCPDS 25-1060). As the content of doped Ce increasing, the other minor phase, CeO 2 , was also detected in addition to the major ABO 3 perovskite phase. This is attributed to that Ce addition exceeds its solubility limit (x $ 0.1). 45, 46 Although no Co 3 O 4 peaks were detected in the XRD Fig. 1 Crystal structure of the LaBO 3 perovskite oxide.
4 diffraction spectroscopy, Co 3 O 4 is proposed to be separated from perovskite oxides accompanying with the separation of CeO 2 phase, which has been proved by previous literatures. 43, 45, 47 According to Erdenee's study on samples with x ¼ 0.2 and 0.4, 43 the structure of LaCoO 3 transforms from rhombohedral to cubic and peaks corresponding to Co 3 O 4 and CeO 2 were visible. The severe lattice distortion perhaps leads to form more oxygen vacancies.
42 Table 1 So we reach the conclusion that substituted samples have a larger ssa values than pure perovskites and the enhancement was not linear with substitution concentration. When Ce addition was below its solubility limit (x # 0.1), it was noticed that the value of ssa signicantly increase as pore volume was enlarged. However, with the increased proportion of Ce, their ssa decrease, which might be related to that the CeO 2 was segregated out and lled in the pores of the perovskite.
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In addition to above-mentioned physical structures, the effect of Ce substitution on redox properties have also been discussed in this paper. Firstly, it has been reported that partial substitution with Ce can affect the surface characteristics which are always more important than lattice. The surface characteristics obtained from X-ray photoelectron spectroscopy (XPS) has been observed in the reports of Erdenee et al. 43 and Wen et al.
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In their work, no change of La valence state (La 3+ ) was detected when La was substituted with Ce. But they all agreed that the trivalent Co ion is partly changed. As has been reported by Wen et al., 45 when the doping ratio was below 0.1, tetravalent Ce ions were fully dissolved into the perovskite structure so that electronic unbalance was generated. As a result, a part of Co 3+ in the 43,45 However, we cannot directly draw the conclusion that the improvement of catalytic activities are due to high amount of adsorbed oxygen, owing to the fact that although the perovskite LaCoO 3 also gets high amount of adsorbed oxygen (Table 2) , its activity is low. Additionally, it was proved that Ce ions were present in the trivalent and tetravalent form. 43 
11.4 12.6 11.0 9.8 10.8 (Fig. 4) proves that the substitution of Ce is helpful for the improvement of catalytic performance. It is noteworthy that the conversion rate of NO reaches close to 80% when Ce doping amount is 0.3 at room temperature. Combined with XRD results, CeO 2 is precipitated from the solid solution when the Ce doping ratio is 0.3. This implies that the existence of CeO 2 is no harm for NO x reduction.
Besides the NO removal, La 1Àx Ce x FeO 3 was also considered as promising catalyst in some reactions. For example, Xiang et al. 49 reported that the temperature of CH 4 conversion at 90% was as low as 510 C when x ¼ 0.3. According to Ma's report, 53 in the case of x ¼ 0.5, the conversion of CO is about 68% at 530 C.
Ce doped LaMnO 3
As mentioned earlier, we have systematically studied the effect of Ce in La 1Àx Ce x CoO 3 and La 1Àx Ce x FeO 3 perovskites. Besides, it has been reported that preparation methods interfere with the generation of CeO 2 phase. In the paper, 
CeO 2 as the support
Aiming at resolving the problem that powder perovskites have much lower surface area, the scheme that perovskites are dispersed on thermally stable supports has been adopted and is being put into operation. Presently, perovskites are oen supported on Al 2 O 3 , CeO 2 , attapulgite and other supports.
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Among a variety of support materials, CeO 2 is one of the most popular supports because of its particular redox property. These supported perovskite oxides are usually prepared by impregnation methods and their performances depend closely on the support. In the paper, 65 Zhang et al. investigated and compared the catalytic performance of LaMnO 3 /CeO 2 and LaMnO 3 /TiO 2 for the SCR of NO by NH 3 in the presence of O 2, nding that the former showed higher activity than the latter. The reason was suggested to be the difference of support. The phenomenon that TiO 2 supporting led to a remarkable decrease in redox capacity, contrasting with the pure LaMnO 3 , has been also reported by Zhang et al. 65 Thus, the conclusion that the catalytic performance of all supported samples can be higher than that of ABO 3 perovskite alone is wrong.
Another factor for catalytic performance of supported samples is preparation method. H 2 -TPR experiment has been done to investigate the structure and reducibility of the catalysts prepared by two methods. 66 The result shown in Fig. 5 indicated that preparation method had relation to the amount of H 2 consumed, and it was suggested that LaMnO 3 /CeO 2 prepared by the dry impregnation (DI) method showed higher activity than that by the precipitation-deposition (PD) method. In order to nd the reason, the catalysts were characterized by XRD, BET and EXAFS. In the result of XRD, the peaks corresponding to the perovskite were detected for LaMnO 3 67 concluded that there was no interaction between the support and the elements of the perovskite.
In addition, the morphology of CeO 2 has also a great inu-ence on the catalytic activity, which has been studied by Wang et al. 68 It was found that the supported catalysts were more active than the unsupported catalyst (La 0. 8 66 supported samples. The results described above are possible due to higher specic surface area and larger number of oxygen vacancies.
In summary, the modication method of perovskite oxides is effective for improving their catalytic activity, even though the promotion mechanism is still not clearly explained. Such a supported perovskite-type catalysts can have wide application prospects for the possibility of increasing its activity by simple preparation methods.
Conclusion
For Ce doped LaBO 3 (B ¼ Co, Fe, Mn), all catalysts exhibit relatively larger specic surface areas compared with pure perovskites. The introduction of Ce changes the reducibility of B cations and B n+ /B (nÀ1)+ ratios and these factors induce the generation of crystal lattice defects which lead to higher catalytic activities. This review outlined the relationship between the existence of CeO 2 phase and catalytic activity. When the Ce addition is below its solubility in perovskite structure (x # S), Ce atoms can be totally incorporated in the perovskite lattice. Of course, Ce substitution at higher levels (x > S) can lead to the formation of separated CeO 2 phase. CeO 2 is either highly dispersed on the lattice surface or is found as larger particles. The former amorphous CeO 2 cannot be detected by XRD, while the latter can be done. 41 What is more, it is found that Ce content of perovskite-type catalysts exhibiting the best activity exceeds its solubility in perovskites, indicating the presence of CeO 2 . CeO 2 , however, does not show good catalytic activity by itself. 45, 69 This means that the effect of separated CeO 2 on the catalytic performance is an indirect one, i.e., by regulating the B n+ /B (nÀ1)+ ratios and by forming B y O x phase. The interaction between different phases may also play a key role in improving catalytic activity to some extent. Nonetheless, it is found that as the content of doped Ce increasing, catalytic activity begins to decrease slightly. Thus, the CeO 2 dispersing on lattice surface or small particles are benecial for catalytic activity, but larger particles are adverse. As such, improving preparation methods to delay the generation and growth of CeO 2 phase may be effective for further improvement of activity. But beyond that, more researches still need to go further in order to improve the catalytic efficiency of NO transformation. For example, effective support materials which can dramatically promote the activity of Ce-doped LaBO 3 catalysts still need to be studied. On the basis of Ce-doped LaBO 3 , partial substitution of the A and/or B cations by cations on different oxidation states should also be attempted. Photocatalytic efficiency of La 0.7 Ce 0.3 FeO 3 /ATP that we mentioned previously can reach as high as 80% at room temperature. This make us get some great inspiration: in addition to improving catalysts, the reaction conditions must also be concerned. For LaBO 3 /CeO 2 catalysts, promotion mechanism is still not clearly explained. However, comparing with CeO 2 support or pure LaBO 3 perovskite catalyst, the catalytic activities of the majority of supported catalysts are enhanced. The simple preparation methods provide a feasible scheme for improvement of catalytic activity of LaBO 3 perovskites.
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